Some intermediate filament (IF) proteins expressed in the development of glia include nestin, vimentin, and glial fibrillary acidic protein (GFAP). However, GFAP is the major intermediate filament protein of mature astrocytes. To determine the organization of GFAP in glial cells, rat GFAP cDNA tagged with enhanced green fluorescent protein (EGFP) was transfected into the rat C6 glioma cell line. After selection, two stable C6-EGFP-GFAP cell lines were established. Stable C6-EGFP-GFAP cell lines with or without heat shock treatment were analyzed by immunocytochemistry, electron microscopy, and Western blot analysis. In the transient transfection study, EGFP-GFAP transiently expressed in C6 cells formed punctate aggregations in the cytoplasm right after transfection, but gradually a filamentous structure of EGFP-GFAP was observed. The protein level of nestin in the C6-EGFP-GFAP stable clone was similar to that in the pEGFP-C1 transfected C6 stable clones and non-transfected C6 cells, whereas the level of vimentin was reduced in Western blotting. Interestingly, the expression level of small heat shock protein aB-crystallin in C6-EGFP-GFAP cells was also enhanced after transfection. Immunostaining patterns of C6-EGFP-GFAP cells showed that GFAP was dispersed as a fine filamentous structure. However, after heat shock treatment, GFAP formed IF bundles in C6-EGFP-GFAP cells. In the meantime, aB-crystallin also colocalized with IF bundles of GFAP in C6-EGFP-GFAP cells. The heat-induced GFAP reorganization we found suggested that small heat shock protein aB-crystallin may play a functional role regulating the cytoarchitecture of GFAP.
Introduction
Glial fibrillary acidic protein (GFAP) was first characterized as the major intermediate filament protein of mature astrocytes in the central nervous system (CNS) [1, 2] . GFAP, one of the type III intermediate filament proteins, is an acidic protein with a molecular weight of approximately 50 kDa [3, 4] . In mammalian development, nestin and vimentin are the main IF proteins in immature astroglial cells, whereas maturing and adult astrocytes contain vimentin and GFAP [5] . It has been reported that nestin production is resumed, and vimentin and GFAP expression is up-regulated in activated astrocytes in reactive gliosis induced by trauma, tumor growth, or neurodegenerative diseases [6, 7] . GFAP is also expressed in tumors derived from astrocytic lineage but malignant astrocytomas have a lower number of GFAPpositive cells than their benign counterparts and normal brain tissue [4] . The function of GFAP remains incompletely understood even though recent findings suggest GFAP involvement in the long-term maintenance of the brain architecture, proper function of the blood-brain barrier, and modulation of some neuronal functions by astrocytes [8] [9] [10] [11] . Suppression by GFAP antisense RNA in U251 astrocytoma cells can inhibit the process elongation in response to neurons [12] . However, GFAP-null mice show normal astrocytes with process elongation, suggesting that the functional compensation occurs among intermediate filaments [8, 10, 13, 14] .
aB-crystallin, a structural component of the vertebrate lens, belongs to a family of small heat shock proteins (HSPs) [15] . aB-crystallin is also found expressed constitutively in non-lenticular tissue such as skeletal or cardiac muscle and kidney [16] [17] [18] . This small HSP is inducible in many different cell types by several kinds of physiological stress [19, 20] , and acts as a molecular chaperone by preventing heat-induced protein aggregation in vitro [21] . It was also reported that aB-crystallin can interact with intermediate filament in muscle, the lens, and astrocytes [22] [23] [24] [25] , and inhibits the intermediate filament protein assembly in vitro [23, 25] . Furthermore, in vitro study showed that adenovirus mediated aBcrystallin cDNA transfection can disaggregate the GFAP inclusions in astrocytes [15] .
Since GFAP plays an important role in glial development, tumor formation and Alexander disease [4, 26] , we demonstrated the distribution and reorganization of IFs by overexpression of EGFP-tagged GFAP in C6 cells. The correlation between GFAP and small heat shock protein aBcrystallin was monitored after heat-shock treatment; the role of GFAP together with other intermediate filament proteins in glial cells was also examined in this study.
Materials and methods

Cloning of the EGFP-GFAP construct
Rat full-length glial fibrillary acidic protein (GFAP) cDNA (2.7 kb), was obtained from a BamHI fragment of pS65T-GFAP-FL construct. BamHI fragment of rat GFAP cDNA was subcloned into the BamHI site of pEGFP-C1 (Clontech, Palo Alto, CA, USA) to obtain the in-frame coding sequence with EGFP. The junction for the EGFP-GFAP fusion protein was confirmed by DNA sequencing. The final construct was named pEGFP-GFAP.
Cell culture
The rat C6 glioma cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS), 1% antibiotic-antimycotic, and 1% MEM's non-essential amino acid solution (Gibco, Gaithersburg, MD). Cells were grown on cell culture dishes (Corning, Corning, NY, USA) or flasks (TPP, Trasadingen, Switzerland). All cultures were maintained in a humidified chamber with 5% CO 2 at 37°C.
DNA transfection and selection
One day before transfection, cultured cells were trypsinized and plated on glass coverslips (18 Â 18 mm) in 60 mm cell culture dishes for transient transfection, or without coverslips for stable transfection. Transfections were performed using Lipofectamine reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. In most experiments, 3 lg plasmid DNA was used for each 60 mm cell culture dish of cells. The Lipofectamine reagent was diluted with D-MEM (Gibco, Gaithersburg, MD) at 1:10, and the plasmid DNA was mixed with the diluted Lipofectamine/D-MEM solution. After cells were rinsed with 1Â D-PBS, 100 ll of the DNA/ Lipofectamine/D-MEM mixture was added to each cell culture dish filled with 3 ml D-MEM. Cells were incubated for 18 h at 37°C, and then the medium was changed to the respective growth medium. For stable transfection, neomycin analogue G418 (800 lg/ml, Gibco) was added to the culture for selection. After 12-days selection with G418, surviving C6 cells colonies with green fluorescence were selected and picked up under an inverted fluorescence microscope (DM IRBE HC, Leica, Wetzlar, Germany). In addition to the experimental control pEGFP-C1 stable cell clones, two independent pEGFP-GFAP stable cell clones with strong fluorescence were isolated for further studies.
Antibodies
The following primary antibodies were commercially obtained and applied in this study: (1) mouse monoclonal antibodies to nestin (N17220, BD Transduction Laboratories, Lexington, KY, USA), vimentin and GFAP (V5255 and G3893, Sigma, St. Louis, MO, USA), b-actin (ab6276, Abcam, Cambridge, UK); and (2) rabbit polyclonal antibody to aB-crystallin (sc-22744, Santa Cruz, Santa Cruz, CA, USA)
Western blot analysis
Confluent 100 mm cell culture dishes of C6 cells were washed twice in phosphate buffered saline (PBS). To each dish 0.5 ml lysis buffer [1% (v/v) Triton X-100, 150 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl (pH7.5) with proteinase inhibitors (1 mM PMSF, 10 lg/ml pepstatin A, 10 lg/ ml leupeptin)] was added. Cells were harvested from the dish by cell scraper and centrifuged at 14,000 g for 15 min. The supernatant was collected and the pellet was dissolved with SDS-Urea buffer. The protein concentration was measured by a BCA protein quantification kit (Pierce, Rockford, IL, USA). Lysates containing 20 lg of protein were electrophoresed in 12% SDS polyacrylamide gel and subsequently transferred to nitrocellulose papers for Western blotting. Blots were first blocked in 5% skim milk/TBS for 2 h at room temperature, and then incubated with antibodies against nestin (1:500), vimentin (1:500), GFAP (1:500), aB-crystallin (1:250), and b-actin (1:500) in 5% skim milk/Tris buffered saline (TBS) at 4°C, overnight. After washing in TBS-T [TBS with 0.05 % (v/v) Tween 20], blots were incubated with horseradish peroxidase-conjugated goat antimouse or goat anti-rabbit secondary antibodies in a dilution of 1:2000 (AP124P and AP132P, Chemicon, Temecula, CA, USA) at room temperature for 1.5 h. After washing in TBS-T six times, Western blotting luminol reagent kits (Santa Cruz, Santa Cruz, CA, USA) and BioMax films (Kodak, Rochester, New York, USA) were used for detection.
Immunocytochemistry
Two to eight days after transfection with EGFP-GFAP expression vectors, cells were fixed with ice-cold methanol at )20°C for 10 min. Subsequently, cells were rinsed three times in PBS after fixation. After rinses in PBS, cells were permeabilized in PBS containing 0.2% (v/v) Nonidet P-40 (NP-40) for 7 min. All primary antibodies were applied overnight at 4°C and then rinsed five times for 3 min each with PBS. For the indirect immunofluorescence detection, tetramethyl rhodamine isothiocyanate (TRITC) or fluorescein isothiocyanate (FITC)-conjugated secondary antibodies were applied for 1 h at room temperature. Cells were also labeled with fluorescent Hoechst 33342 in a dilution of 1:1000 (Sigma) together with secondary antibodies. After five more rinses in PBS, cells were mounted in crystal mount (Biomeda, Foster City, CA, USA) and analyzed under a TCS SP2 laser confocal microscope (Leica).
Live cell imaging
Live cell imaging was done in both C6-EGFP and C6-EGFP-GFAP stable clone. Briefly, the cells were trypsinized and replated on glass coverslips (18 Â 18 mm) in 6 cm Petri dishes. One day after plating, the cells were rinsed three times with PBS. Then coverslips were picked up and mounted in PBS on glass slides. All images were analyzed and recorded by fluorescent microscope (DMR, HC, Leica) with a D1Â digital camera and Nikon Capture 4.0 (Nikon, Tokyo, Japan).
Heat shock treatment
Cells were plated on cell culture dishes with or without glass coverslips, and allowed to attach overnight. These cell cultures were then subjected to heat shock treatment at 42°C for 1.5 h followed by 16 h recovery at 37°C [25] . Cells were then processed for immunocytochemistry and electron microscopy as well as for Western blot analysis.
Immunocytochemistry and statistical analysis
Cells with or without heat shock treatment were first stained with GFAP antibody and Hoechst 33342 for nucleus staining. In each case, we randomly chose three fields under a 40Â object lens of fluorescent microscope (DMR, Leica). In each field, 300 cells labeled with Hoechst 33342 were counted and then GFAP bundle-bearing cells were counted in the same population. A statistical analysis was performed by Sigma-Plot software (SPSS, Chicago, IL, USA).
Electron microscopy
Cells were plated on cell culture dishes with 13-mm diameter plastic coverslips (Electron Microscopy Sciences, Hatfield, PA, USA). After plating overnight, cells were fixed with 4% paraformaldehyde and 1% glutaraldehyde in phosphate buffer at 4°C overnight, then rinsed with 0.2 M cacodylate buffer three times. Cells were post-fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer and dehydrated in a graded series of ethanol (75%, 85%, 95%, and 100%), and embedded in an Epon-araldite mixture. After the resin had solidified, the plastic culture dish was broken up to release the resin containing the embedded cells. Specimens were sectioned with a Diatome diamond knife on a Rechert Ultracut E ultramicrotome (Leica, Wetzlar, Germeny). Ultrathin sections were stained with uranyl acetate and lead citrate and viewed with a H-7100 electron microscope (Hitachi, Tokyo, Japan). All images were taken by an ORCA-ER CCD digital camera system (Advanced Microscopy Techniques, Danvers, MA, USA).
Results
Immunocytochemical patterns of pEGFP-GFAP transiently transfected C6 cells
To determine the relationship between GFAP and other IF proteins in C6 cells, cells transiently transfected with pEGFP-GFAP were immunostained with nestin, vimentin, and GFAP antibodies. We examined the organization of EGFPtagged GFAP and other IF proteins 2, 4, and 8 days after transfection. On day 2, EGFP-tagged GFAP was organized into punctate aggregations by itself ( Figure 1A) , whereas filamentous structures of nestin and vimentin could be found in the cytoplasm of both transfected and non-transfected cells ( Figure 1B 
Establishment of EGFP-GFAP stable cell line
To clarify the long-term effect of overexpressed EGFP-tagged GFAP in C6 cells, we established the C6-EGFP-GFAP stable cell line. The expression of pEGFP-GFAP as well as the control pEGFP in stable clones was constitutive, and the green fluorescence of live cells could be observed under an inverted fluorescent microscope (Figure 2 ). In the control study of pEGFP, overexpression of EGFP could be found not only in the cytoplasm but also in the nucleus of the C6-EGFP cells (Figure 2A, B ). Nevertheless, constitutively expressed EGFP-tagged GFAP was mainly found in the cytoplasm of C6-EGFP-GFAP cells (Figure 2C, D) . Both C6-EGFP and C6-EGFP-GFAP cells bore slightly elongated processes and were not significantly different from each other.
Expression patterns of IF proteins and small heat shock protein aB-crystallin in C6, C6-EGFP, and C6-EGFP-GFAP cells before and after heat shock treatment
Western blot analysis showed that the expression patterns of the IF proteins nestin, vimentin, GFAP, and small heat shock protein aB-crystallin in C6, C6-EGFP, and C6-EGFP-GFAP cells before heat shock treatment ( Figure 3A ). Expression levels of nestin among non-transfected C6, transfected C6-EGFP, and C6-EGFP-GFAP cells were not significantly different. However, the level of vimentin in C6-EGFP-GFAP cells was lower than that in C6 and C6-EGFP cells. As we expected, EGFP-tagged GFAP protein could be detected as a molecular weight of approximately 75 kDa in C6-EGFP-GFAP cells. Endogenous GFAP could be also detected in C6, C6-EGFP, and C6-EGFP-GFAP cells. We also examined the expression of small heat shock protein aB-crystallin in C6, C6-EGFP, and C6-EGFP-GFAP cells. A basal level of aB-crystallin could be detected in C6 cells, whereas the level of this protein was slightly increased in C6-EGFP cells, and significantly enhanced in the C6-EGFP-GFAP cells.
After sublethal heat shock treatment at 42°C, we also examined the protein levels in C6, C6-EGFP, and C6-EGFP-GFAP cells by Western blot ( Figure 3B ). The protein level of nestin was similar among the C6, C6-EGFP, and C6-EGFP-GFAP cells after heat shock. EGFP-tagged GFAP could be detected in C6-EGFP-GFAP cells, and endogenous GFAP was enhanced in C6-EGFP-GFAP cells after heat shock. The expression level of aB-crystallin in C6 cells was low, whereas it was enhanced in C6-EGFP cells and C6-EGFP-GFAP cells, especially in C6-EGFP-GFAP cells in this study. Besides, the slight proteolytic degradation of alpha-B-crystallin could be found in the C6-EGFP and in the C6-EGFP-GFAP cells after heat shock treatment. According to our Western blot analysis, the expression of GFAP as well as that of aB-crystallin was significantly affected in C6-EGFP-GFAP cells after heat shock treatment.
Heat shock treatment and immunocytochemical patterns of IF proteins in C6-EGFP-GFAP cells
To determine the organization and the distribution of IF proteins in C6-EGFP-GFAP cells, we investigated the cellular patterns of nestin, vimentin, and GFAP via the immunocytochemical approach (Figure 4 ). Nestin and vimentin organized into filamentous structure in C6-EGFP-GFAP cells ( Figure 4A, B) , but the organization pattern of GFAP was a subtle filamentous pattern ( Figure 4C ). We also examined the correlation between thermal stress and IF organization in this study. After 1.5 h heat shock treatment at 42°C followed by 16 h recovery, the organization patterns of nestin and vimentin were not significantly changed (Figure 4D, E) . Interestingly, the filamentous pattern of GFAP was organized into clear bundles in heat shock treated cells (Figure 4F ). Statistical analysis of GFAP bundlebearing cells versus total cell population also indicated that GFAP attempted to form IF bundles after heat shock treatment ( Figure 4G ).
Immunocytochemical patterns of small heat shock protein aB-crystallin in C6, C6-EGFP, and C6-EGFP-GFAP cells
To study the distribution of small heat shock protein aB-crystallin in cells, we also checked on the immunocytochemical patterns of aB-crystallin in C6, C6-EGFP, and C6-EGFP-GFAP cells ( Figure 5 ). aB-crystallin could be detected very weakly in both control and heat shock-treated C6 cells ( Figure 5A, B) . In C6-EGFP cells, aBcrystallin could be found in the cytoplasm and in the nucleus ( Figure 5C ). Nevertheless, positive immunostaining signals of aB-crystallin could be detected mainly in the nucleus of C6-EGFP cells after heat shock treatment ( Figure 5D ). The distribution of aB-crystallin was diffused and dispersed in the cytoplasm of C6-EGFP-GFAP cells before heat shock treatment ( Figure 5E ), yet redistribution of aB-crystallin was found in the filamentous structure in the cytoplasm of C6-EGFP-GFAP cells after challenging with heat shock ( Figure 5F ). From this morphological observation, we also found that the expression level of aB-crystallin was enhanced in heat-shock treated C6-EGFP-GFAP cells.
Colocalization of aB-crystallin and GFAP in C6-EGFP-GFAP cells
From the immunocytochemical evidence, we found that the expression of aB-crystallin was enhanced in C6-EGFP-GFAP cells. In order to understand the correlation between aB-crystallin and GFAP, we also investigated the double immunostaining patterns of aB-crystallin and GFAP in C6-EGFP-GFAP cells by laser confocal microscopy. A positive aB-crystallin immunostaining signal in a diffused pattern was seen within the C6-EGFP-GFAP cells ( Figure 6A ), yet after heat shock, aB-crystallin could be found mostly in the intermediate filament network of treated cells ( Figure 6B ). GFAP was distributed as a fine filamentous structure and partially diffused in the C6-EGFP-GFAP cells before heat shock, whereas GFAP organized into filamentous bundles after heat challenge ( Figure 6C, D) . Merged panels of aB-crystallin and GFAP also indicated that aB-crystallin partially colocalized with GFAP in the C6-EGFP-GFAP cells, especially in the filamentous bundles after heat shock treatment (Figure 6E, F) .
Ultrastructural patterns of C6, C6-EGFP, and C6-EGFP-GFAP cells
To study the intracellular effects of thermal stress, we also inspected the ultrastructural patterns of C6-EGFP and C6-EGFP-GFAP cells. In C6-EGFP cells, 10-nm intermediate filaments were found in the cytoplasm, and other organelles such as the mitochondria looked normal ( Figure 7A ). After heat shock treatment, a few damaged mitochondria with swelling patterns could be found in C6-EGFP cells ( Figure 7B ). The arrangement of intermediate filaments in C6-EGFP-GFAP was not particularly changed before heat shock (Figure 7C) . But intermediate filaments were reorganized into more compact patterns (arrow), and a few multi-layers of autophagosomes were also observed in heat shock treated C6-EGFP-GFAP cells ( Figure 7D ). From this ultrastructural observation, we double-confirmed the filamentous bundling pattern of GFAP observed by immunofluorescence in heat shock treated C6-EGFP-GFAP cells.
Discussion
GFAP is able to coassemble with nestin and vimentin
In the study of transient transfection, we found that EGFP-tagged GFAP formed punctate aggregations in the cytoplasm of C6 cells right after transfection, but gradually a filamentous structure was observed. According to our immunocytochemical observations, the organization of EGFP-tagged GFAP in C6 cells did not alter the cytoarchitecture of endogenous nestin and vimentin filaments, although the organization pattern of EGFP-tagged GFAP in C6 cells was dynamic. The colocalization pattern also showed that EGFP-tagged GFAP could be incorporated into the nestin and vimentin network. These findings suggested that our pEGFP-GFAP construct with full-length rat GFAP fused at its N-terminus to EGFP was efficient to form an intermediate filament network, and showed the Figure 3 . Western blots of IF proteins and small heat shock proteins aB-crystallin in C6, C6-EGFP, and C6-EGFP-GFAP cells before and after heat-shock treatments. Before heat shock treatments (A), protein levels of nestin and endogenous GFAP are similar among C6, C6-EGFP, and C6-EGFP-GFAP cells. The 75 kDa EGFP-tagged GFAP can be detected, yet the protein level of vimentin is reduced in C6-EGFP-GFAP cells. Notice that the expression of small heat shock protein aB-crystallin is enhanced in C6-EGFP and C6-EGFP-GFAP cells, especially in C6-EGFP-GFAP cells (A). After heat shock treatment (B), protein levels of nestin and vimentin show similar patterns among C6, C6-EGFP, and C6-EGFP-GFAP cells. Overexpressed EGFP-tagged GFAP can be detected in C6-EGFP-GFAP cells, and low levels of endogenous GFAP can be detected as weak bands in C6, C6-EGFP, and C6-EGFP-GFAP cells. Notice that the expression levels of aB-crystallin are prominently enhanced in C6-EGFP-GFAP cells (B). same ability as wild type GFAP to coassemble with nestin and vimentin. IF protein binding partnerships of nestin, vimentin, and GFAP could be observed in primary astrocyte cultures and reactive astrocytes [5] . Previous studies using overexpressed EGFP-tagged vimentin also showed a coassembly pattern with endogenous vimentin filaments in SW13 vim + cells and NIH3T3 cells [27] , which suggested that EGFP fused with the N-terminus of type III IF proteins was efficient to form IF in the presence of endogenous IF proteins. A and B) and heat shock treated (D and E) C6-EGFP-GFAP cells. However, GFAP has formed some fine filaments in the cytoplasm of C6-EGFP-GFAP cells before heat shock (C). After heat shock, GFAP is organized into clear IF bundles (F). GFAP bundle-bearing cells were counted under a microscope for statistical analysis. In each case, we randomly chose three fields under a 40Â object lens of a fluorescent microscope. In each field, 300 cells labeled with Hoechst 33342 were counted and then GFAP bundle-bearing cells labeled with GFAP antibody were counted in the same population. Twenty-seven fields from 9 coverslips in each group were counted and the percentage of GFAP bundle-bearing cells in C6-EGFP-GFAP is shown (G). Notice that the percentage of GFAP bundle-bearing cells in the heat shock group is significantly greater than that in control group (t-test, p < 0.001). Scale bar = 20 lm.
The up-regulation effect of aB-crystallin was more significant in GFAP overexpressed cells It has been reported that GFAP can interact with some small heat shock proteins, such as HSP27 and aB-crystallin. These small heat shock proteins might act as molecular chaperones to modulate the distribution of GFAP [25] . Furthermore, aB-crystallin is more efficient in dealing with GFAP organization than HSP27 [28] . Figure 5 . The distribution of aB-crystallin in control and heat shock treated C6, C6-EGFP, and C6-EGFP-GFAP cells. aB-crystallin immuno-positive signals can be observed very weakly in control and in heat shock treated C6 cells (A and B) . The distribution of aB-crystallin in C6-EGFP cells is mainly in the cytoplasm before heat shock, whereas it resides prominently in the nucleus after heat shock (C and D). In C6-EGFP-GFAP cells, aB-crystallin is distributed as diffused patterns in the whole cell before heat shock (E). aB-crystallin is relocated onto the filamentous structures after heat shock treatment (F). Scale bar = 20lm.
The correlation of aB-crystallin and GFAP can be traced to the finding from research on Alexander disease (ALX) [29, 30] . ALX, a rare disorder of the central nervous system, was found to be associated with mutations of the GFAP gene [31] . The hallmark of Alexander disease is Rosenthal fibers (RFs), which are eosinophilic, round or oblong bodies within the cytoplasm of astrocytes [30, 32, 33] . The composition of Rosenthal fibers includes GFAP and the small heat shock proteins aB-crystallin, hsp27, and ubiquitin [30] . A transgenic study of mice carrying an additional human GFAP gene showed that GFAP and aB-crystallin formed Rosenthal fibers in astrocytes [34] . In the present study, the level of aB-crystallin was slightly increased in C6-EGFP cells and this may be a response to the overexpression of EGFP driven by CMV promoter. EGFP was overexpressed in C6-EGFP cells and endogenous aBcrystallin could act as the molecular chaperone to prevent the formation of protein aggregation within the cell [21] . Our observations that the up-regulation effect of aB-crystallin was more significant in C6-EGFP-GFAP cells than in C6-EGFP cells reveals that aB-crystallin may participate in the regulation of GFAP pattern formation.
The organization of GFAP is more easily affected than that of nestin and vimentin under thermal stress Thermal stress is a kind of physiological stress which may induce responses in cells, such as reorganizing the cytoskeleton and turning on heat shock response genes. Cells may respond by trying to accommodate the change in the extracellular microenviroment and maintain homeostasis. Previous study has proved that GFAP reorganizes into a bundling pattern around the nucleus in U373MG astrocytoma cells after heat shock treatment [25] . It was also demonstrated that GFAP reorganizes into a compact pattern around the perinuclear region of human optic nerve head astrocytes exposed to elevated hydrostatic pressure in vitro [35] . In our experiment, we found that GFAP filaments reorganized into clear IF bundles in C6-EGFP-GFAP cells after heat shock, whereas the expression of endogenous GFAP was also slightly enhanced. This result is similar to previous observations [25] . Interestingly, the organization and distribution of nestin and vimentin filaments in C6-EGFP-GFAP were not altered after heat shock treatment. It seems that organization of GFAP is more easily affected than that of nestin and vimentin under thermal stress. From our observations, it could be suggested that IF bundles can provide stronger mechanical resistance when cells deal with certain kinds of stress. GFAP may be the best candidate among the IF proteins in glial cells to cope with a heat shock challenge.
aB-crystallin may play a role in the maintenance of normal IF architecture before and after heat shock treatment After GFAP reorganized into IF bundles under thermal stress, we found that small heat shock protein aB-crystallin was present on these bundles. The protein expression level of aB-crystallin was also significantly enhanced in C6-EGFP-GFAP cells after heat shock treatment. In the Western blot, an extra band with the higher molecular weight for aB-crystallin could also be detected after heat shock. We expected this might be due to the phosphorylation of the protein. This could be supported by a previous study in which the phsphorylation of aB-crystallin was enhanced in U373MG cells after heat shock [36] . An association of aB-crystallin with the vimentin filaments in NIH 3T3 cells was also found after a 43°C heat shock challenge [37] . Moreover, the association of aB-crystallin with GFAP was maintained during stress-induced bundling of intermediate filament in U373MG cells [25] . From these observations, we propose that the redistribution of aB-crystallin in C6-EGFP-GFAP cells after heat shock results from the character of the small heat shock protein.
It has been reported that aB-crystallin and some other small heat shock proteins are involved in the maintenance of normal IF architecture [38] . According to our ultrastructural observations, thermal stress-induced bundling of GFAP filaments is due to the accumulation of 10 nm intermediate filaments, which can be categorized as the formation of a mild IF aggregation. The association of aB-crystallin with these IF bundles may prevent further severe IF aggregation after heat shock. This viewpoint is also supported by a previous study which showed that aB-crystallin acted as an IF debundling protein to regulate the organization of intermediate filaments in vitro [28] . Therefore, we could make a conclusion that aBcrystallin plays the role of an IF debundling factor but not a soluble GFAP regulator in the heat shock experiment and the role of aB-crystallin on GFAP may be different before and after heat shock treatment.
In summary, we found that overexpression of EGFP-tagged GFAP resulted in the formation of a fine filamentous structure and did not alter the arrangement of nestin and vimentin filaments; furthermore it also enhanced the protein level of small heat shock protein aB-crystallin in transfected C6 cells. These findings suggest that aBcrystallin might regulate the distribution of overexpressed EGFP-tagged GFAP. But we still cannot rule out the participation of some other proteins involved in the organization of the IF network, such as cytoskeletal crosslinker proteins, intermediate filament associated proteins (IFAPs), and some small heat shock proteins. In our experiment, we demonstrated that overexpression of EGFP-tagged GFAP up-regulates the protein level of aB-crystallin. We also discussed that the function of aB-crystallin on GFAP may be different before and after heat shock. The heat shock treatment induced the reorganization of GFAP filaments into IF bundles in C6-EGFP-GFAP cells, which may result from a protective effect of aB-crystallin when dealing with thermal stress. These observations may help us understand the function of aB-crystallin on GFAP organization in glial cells under stress, in tumors, and in neurodegenerative diseases.
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